We propose a protocol and physical implementation for partial Bell-state measurements of Fermionic qubits, allowing for deterministic quantum computing in solid-state systems without the need for two-qubit gates. Our scheme consists of two spin qubits in a double quantum dot where the two dots have different Zeeman splittings and resonant tunneling between the dots is only allowed when the spins are antiparallel. This converts spin parity into charge information by means of a projective measurement and can be implemented with established technologies. This measurement-based qubit scheme greatly simplifies the experimental realization of scalable quantum computers in electronic nanostructures.
We propose a protocol and physical implementation for partial Bell-state measurements of Fermionic qubits, allowing for deterministic quantum computing in solid-state systems without the need for two-qubit gates. Our scheme consists of two spin qubits in a double quantum dot where the two dots have different Zeeman splittings and resonant tunneling between the dots is only allowed when the spins are antiparallel. This converts spin parity into charge information by means of a projective measurement and can be implemented with established technologies. This measurement-based qubit scheme greatly simplifies the experimental realization of scalable quantum computers in electronic nanostructures.
Recent theoretical work has shown that quantum computation with photons is possible using only linear optics (1) . Partial measurements (2) of these optical quantum states are sufficient and, remarkably, gates coupling qubits with each other are no longer required. The extension of this paradigm to other types of qubits, particularly systems based on Fermions, has been a highly desirable (but elusive) goal, because it would eliminate the need to control the strength and pulsing of the interaction between the qubits with extremely high precision. For measurement-based quantum computation, we replaced this requirement with projective measurements, which do not require precise control of the coupling strength to the measurement apparatus. In principle, either full Bell-state measurements (in which all four Bell states are differentiated) in combination with some initial source of entanglement (3) or partial Bell-state measurements (in which only the parity subspace is determined) (4) are sufficient for universal quantum computing. Still, the most crucial element-the physical implementation of such measurements for Fermions-has not been found so far. We propose a solution to this fundamental problem by considering electrons confined to quantum dots in which the spin represents the qubit. Such spin qubits promise scalable quantum computing (5), and single-qubit readout has recently been demonstrated (6, 7) . We consider partial and full Bell-state measurements on two spin qubits and demonstrate that it can be performed with available technologies such as spin-to-charge conversion and charge detection. This may open up the possibility for quantum computing in solid-state systems without the need for twoqubit gates.
The spin degree of freedom of the electron promises many applications in the field of spintronics (8, 9) . Moreover, single electrons can be controlled through their charge, confining them in quantum dot structures in the Coulomb blockade regime (10) . The spin-qubit proposal (5) combines these two fields of research and uses the spin of electrons confined to quantum dots as qubits for quantum computation, where the spin-½ state of each electron encodes exactly one qubit. The proposal includes two-qubit quantum gates that rely on the exchange interaction of coupled quantum dots and comprises spin-to-charge conversion for efficient readout schemes, satisfying all theoretical requirements for quantum computing (8) . However, if a partial Bell-state measurement can be implemented, these two-qubit gates would no longer be required, simplifying the realization of a scalable quantum computer. To take such a measurement, one must determine the parity of the two qubit spins by differentiating the spin states with antiparallel spins, kT 0 À; kSÀ 0 ðkj,À T k,jÀÞ= ffiffi ffi 2 p , from the states with parallel spins, kT þ À 0 kjjÀ and kT j À 0 k,,À. The measurement must be ''nondestructive[ with respect to these two subspaces, which requires that a superposition such as the Bell state kY 2 À 0 ðkjjÀ þ k,,ÀÞ= ffiffi ffi 2 p remain unchanged. Using two such parity measurements, one can construct a controlled NOT (CNOT) gate on two qubits with the use of an additional ancilla qubit, a single-qubit measurement, and the application of single-qubit operations depending on the measurement outcomes (4) . Because the CNOT gate is a universal quantum gate, partial Bell-state measurements and single-qubit operations are sufficient to build a universal quantum computer. [Conversely, if CNOT gates are available, nondestructive parity measurements can be performed (11) .^Alternatively, one can use full Bell-state measurements, but this requires preparation of initial entanglement as a resource (3).
When reading out single spin qubits, it is most convenient to convert the qubit information from spin to charge (5) , as demonstrated in recent experiments (6) . We propose a partial Bell-state (parity) measurement of two qubits that relies on spin-to-charge conversion. The qubits are defined by two electron spins on two coupled quantum dots (Fig. 1) . Gate voltages can be tuned such that in the ground state there is a single electron on each dot (12) . Furthermore, both electrons can be moved to the left dot or to the right dot and we assume that these two states, kLLÀ and kRRÀ, are degenerate. The energy difference U 0 E LL -E LR to the ground state kLRÀ is given by the sum of the charging energies of each dot, reduced by the capacitative coupling between the two dots (13).
Let us turn now to the spin states and describe the procedure for the partial Bell measurement, first qualitatively and then quantitatively. We assume that the dots have different Zeeman splittings, D z L and D z R (14) . This can be achieved, for example, with locally different magnetic fields, or with an inhomogeneous g factor resulting from different materials or nuclear polarizations for each dot. This configuration converts spin parity into charge, because tunneling is only resonant for antiparallel spins. Finally, the charge distribution can be measured with a charge detector, such as a quantum point contact (QPC) (15) . With a timeresolved measurement, the individual tunneling events can be identified (16, 17) . (In our case, a time-averaged measurement was already sufficient to perform the partial Bell measurement, because for parallel spins the electrons always remain on the left dot). To check if this scheme works for a realistic experimental setup, we developed a microscopic modeling which allowed us to give a quantitative description of the readout process. Furthermore, we showed that the proposed scheme is robust (within defined limits) against nonideal processes.
We modeled our readout setup by considering only the lowest orbital energy states of the dots for a given charge and spin configuration (18, 19) . EWe discuss excited states in the supporting online material (SOM) text.^We then needed to consider the 12 states in which two electrons with spins s, s ¶ are both on the left dot, ks L s ¶ L À the right dot, ks R s ¶ R À, or different dots, ks L s ¶ R À. When both electrons are on the same dot, the spin state can be in the singlet (S) or triplet (T 0 ) configuration, with energy separation J 0 E T0LL -E SLL . It is well known that this singlet-triplet splitting can be tuned to zero by means of magnetic fields (18) . We describe the coupling between the left and right dot with the tunneling amplitudes t S and t T for singlet and triplet states, respectively. We first consider the symmetric case J 0 0 and t S 0 t T and then address the general case.
Next, we found the transition rates for the tunneling between the charge states LL and RR, as a function of the level detuning e. For this, we consider the charge states AkLRÀ, kLLÀ, and kRRÀZ and define a Hamiltonian by the eigenenergies E LR 0 0 and E LL,RR 0 U T e/2 (in the absence of tunneling) and the tunneling
c. with tunneling amplitude t d and where H.c. is the Hermitian conjugate. We then describe the double-dot state with the reduced density matrix r(t) and determine its time evolution with a Bloch-Redfield master equation (20) . The diagonal elements, r n , describe the probabilities of a given charge state knÀ of the double dot. The off-diagonal elements, r nm , describe a superposition of dot states knÀ and kmÀ. We need to consider these off-diagonal elements because at short time scales the tunneling is coherent and superpositions of charge states are formed. However, such superpositions decay rapidly, with a typical charge dephasing rate
Generally, there are different dephasing rates, G d1 for superpositions of kLRÀ and kLLÀ (or kRRÀ) and a rate G d2 for a superposition of kLLÀ and kRRÀ. We are interested in time scales for which the charge distribution on the double dot can be measured-i.e., in times longer than 1/G d -allowing us to set ṙ nm 0 0. By doing so, we can simplify the master equation to a classical rate equation and identify the following effective tunneling rates. First, the tunneling of both charges from left to right, LL6RR, is given by
This corresponds to a resonant process and the effective rate is maximal when the detuning e vanishes. The width of the rate is given by the dephasing rate G d2 . In particular, for e 9 G d2 the tunneling is suppressed. Furthermore, there is an effective rate describing the relaxation to the ground state, such as LLYLR,
This rate is consistent with transport experiments through double dots (22) , which indicate relaxation on a time scale of Q1 ms for t d 0 10 meV and U 0 1 meV. Furthermore, we can include an intrinsic rate G r to describe additional inelastic tunneling processes (e.g., in which a phonon is emitted and the dot relaxes to the ground state). The experimental data (21, 22) indicate that G r ¡ G d , suggesting that adjustments of the off-diagonal rates due to G r are not relevant.
With this model, we can estimate the required range for the relevant parameters. There are two main criteria to be met. (i) Our readout should be efficient: The parity of the spin state should be detected with a high probability. Thus, within a given time, tunneling of an antiparallel spin state should be observed, although a parallel spin state should not tunnel.
Comparing
2 . This can be satisfied for typical GaAs quantum dots, such as a magnetic field of B 0 1 T and a difference in g factors of Dg 0 0.01. (ii) The relaxation to the ground state kLRÀ must be slow compared with the resonant tunneling of parallel spins; otherwise the charge state relaxes before the spin state has been measured. EMoreover, this decay to the ground state leads possibly to decoherence of the spin state (19) .Â ccording to Eqs. 1 and 2, we need t d 9 G d , which can be satisfied with typical experimental parameters (23). In Fig. 2, we give an explicit numerical example, proving that partial Bell measurements are feasible.
Let us now consider whether this scheme reaches the quantum limit of measurement efficiency. A single-qubit readout and our parity measurement must distinguish between two states and subspaces i 0 1,2. When the detected signal is Gaussian distributed with mean m i and standard deviation s i , the infidelity a is the probability of obtaining the wrong measurement result and is given by z 1-a 0 km 2 -m 1 k /(s 1 þ s 2 ), where z 1-a is the quantile of the standard normal distribution, i.e., 1 j a 0
One common assumption is to set z 1ja 0 ffiffi ffi 2 p (24, 25) ; that is, one implicitly considers measurements with infidelity a 0 7.9%. With this choice of a, the quantum limit of measurement is defined such that the measurement rate G meas (the inverse Fig. 2 . Example of partial Bell measurement, with simulation of time evolution for the initial state
We take the parameters t d 0 10 meV, U 0 1 meV, 1/G d2 0 1 ns, B 0 1 T, and Dg 0 0.05. For antiparallel spin (e.g., kY 0 À), tunneling LL6RR occurs on a time scale of 1/W L6R (e 0 0) , 20 ns. On this time scale, the state on the double dot will relax to a mixture with both electrons either on the left dot or on the right dot. This mixture can then be detected by the QPC current. However, it must be distinguished from the case of parallel spins, where tunneling is strongly suppressed and only occurs on the time scale of 2 ms, defining the required time resolution of the QPC signal. (This does not impose a fundamental requirement of fast charge readout, because this time can be increased by using larger B or Dg. However, a fundamental limit is set by inelastic charge relaxation.) To analyze the full dynamics, we performed a simulation and took the back-action of the QPC (including dephasing) into account microscopically (SOM text). We first diagonalized the dynamics of the double dot (14) and then evaluated the coupling to the QPC in lowest order. Because the z component of the total spin is conserved, it is sufficient to consider a 6Â6-density matrix. We obtained the explicit master equation for this density matrix, but because this analytical result is lengthy, it is presented as SOM text. We consider an initial state kY 0 À and plot the singlet populations of the left state r SLL (solid line), the right state r SRR (dashed line), and the ground state r S (dashed-dotted line). The singlet population remains 1 at the end of the measurement; i.e., there is no admixture of the triplet state kT 0 À. [It is well known that relaxation processes to the other triplet states are also suppressed (27) .] This implies that superpositions like kj,À-k,jÀ remain unaffected in that our measurement scheme does not destroy coherence within the parity subspaces. Fig. 1 . Energy spectrum of a double quantum dot with two electrons. The charge state of the double dot is shown schematically on top, where each electron can be in a different dot or where both electrons are in the left (L) or right (R) dot. To apply our measurement scheme, first a state kLLÀ is prepared, e.g., by starting with one electron on dot L and adiabatically adding in another ''input'' electron from a third dot [ideally with the same Zeeman splitting as dot L and with equal tunneling amplitudes for singlet and triplet (19) ]. Then, the gate voltages are swept to the configuration shown in this figure, where kLLÀ is an excited state. For a better control during preparation, the coupling of dots L and R can be switched off temporarily (26) . Both electrons can elastically tunnel onto the right dot, LL6RR. The transition to the ground state (i.e., LLYLR) only occurs inelastically, typically with an emission of a phonon. 
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www.sciencemag.org SCIENCE VOL 309 22 JULY 2005 measurement time that is required to obtain a 0 7.9%) is equal to the decoherence rate G 8 of the quantum system (25) . For a partial measurement, the decoherence of a superposition of states with different parity is relevant. To evaluate G meas and G 8 , we extend our simple 3Â3 model to a 6Â6 model, with which we consider states that are at resonance (antiparallel spins) or off-resonant (parallel spins). Initially, both electrons are on the left dot, but in superposition of states with different parity. By accounting for tunneling to the right dot and by eliminating the offdiagonal elements with different charge, we obtain the effective measurement rate and the decoherence rate. We find
indicating that our scheme operates in the quantum limit of measurement. Finally, we assess setups which deviate from the ideal configuration. We consider imperfections due to extra phases that result from the inhomogeneous Zeeman splittings, finite J, different tunnel couplings of singlet and triplet, and spin-orbit interaction. Our results are presented in Fig. 3 and in the SOM text. We find that even if the double-dot system cannot be perfectly controlled, partial Bell measurements are still possible. Finally, spin qubits decohere as a result of hyperfine interaction with nuclear spins, leading to computation errors. This could be circumvented by polarizing the nuclei, by using refocusing techniques, or by using materials without nuclear spins such as isotopically pure Si, Ge, nanowires, or carbon nanotubes.
Creating, Varying, and Growing Single-Site Molecular Contacts
Mohamed Siaj and Peter H. McBreen*
The known range of chemisorption bonds forms the toolbox for the design of electrical contacts in molecular electronics devices. Double-bond contacts to technologically relevant materials would be attractive for a number of reasons. They are truly single-site, bonding to a single surface atom. They obviate the need for a thiol linkage, and they may be amenable to further modification through olefin-metathesis methodologies. We report olefin-metathesis methods for establishing, varying, and growing thermally stable double-bond contacts to molybdenum carbide, a conducting material.
Establishing efficient electrical contact from metallic surfaces to molecules is a key challenge in the development of molecular electronics devices. These contacts should be both robust and well defined. Most experimental work has focused on contacts to metals such as gold, but transition metal carbides are potentially important for the development of nanoelectronic devices. In particular, Zhang et al. reported on the formation of carbide heterojunctions between carbon nanotubes and transition metals (1). The latter approach was exploited to prepare highly effective titanium carbide and cobalt carbide ohmic contacts in carbon nanotube devices (2, 3) .
Well-defined metal-ligand structures are a feature of organometallic complexes and have long served as a guide to understanding chemisorption bonding. However, one entire area of organometallic chemistry, that of metalligand multiple bonds, appears to display very little in common with surface science observations; there are few reports (4, 5) of surface alkylidene, M0CR 1 R 2 , species where M is a single metal atom. Metal alkylidenes serve as initiating and propagating sites for olefin metathesis. Although olefin metathesis is a powerful synthetic tool in homogeneous chemistry (6) , steric hindrance and competing chemisorption of the olefin may inhibit the reaction for alkylidene groups situated directly on an Fig. 3 . Measurement fidelity for imperfect measurement parameters. We consider the initial state (1=
k, L , L À and simulate its time evolution, including all states of our model (144-dimensional Liouville space). We obtain the state of the double dot after 100 ns, described by the density matrix r f of the final state f. Ideally, we expect the initial state to decay to state e that is a mixture of different parities, r e , where the probability is 50% for having parallel spins on the left dot (we include a dynamical phase 2D z L due to Zeeman splitting) and the probability is 50% for having two antiparallel spins, both on the left or both on the right dot (we include a dynamical phase J between kSÀ and kT 0 À states). By comparing the final state of this simulation with this ideal case, we simultaneously test whether the measurement is efficient and whether the parity subspaces remain coherent. We can quantify the accuracy of the imperfect measurement with the Uhlmann (square-root) fidelity F 0 Tr ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi r f 1=2 r e r f 1=2 q (28), with F 0 100% in the ideal case. We use the same parameters as in Fig. 2 , but now with J LL 0 1 meV, and we plot F( J RR ,t T ) and show contour lines spaced at 2%.
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